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Introduction

2
Foaming during mesophilic anaerobic digestion (AD) has been encountered in sewage 3 treatment works (STWs) worldwide with significant impacts on process efficiency and 4 operational costs (Pagilla et al. 1997 , Westlund et al. 1998 , Barjenbruch et al. 2000 2005, Ganidi et al. 2009 , Dalmau et al. 2010 . A number of researchers have suggested that 6 shock (inconsistent) loadings or digester overloading, measured as kg volatile solids per m 3 7 of digester per day (kg VS m -3 d -1 ), can be a foaming cause (Pagilla et al. 1997 , 8 Barjenbrugh et al. 2000 , Moen 2003 , Barber 2005 . It has been previously postulated that 9 this may result in partial sludge degradation and associated accumulation of surface active 10 substances, either directly found in the feed sludge such as lipids, proteins and detergents or 11 as intermediates such as biosurfactants and fatty acids (Barjenbrugh et al. 2000, Moen 12 2003, Barber 2005) . Shock loading, originating from a change in the composition of feed 13 sludge, could involve a sudden qualitative change (increase in solids, surface active agents, 14 organic content etc.) thus increasing the loading to the digester. Alternatively it could be the 15 result of an increase in the amount of surplus activated sludge (SAS) content in the feed 16 sludge (usually > 40% by volume) thus increasing the number of filamentous bacteria in a 17 digester. Filamentous bacteria have previously been identified as a cause of digester 18 foaming (Hernandez and Jenkins 1994 , Westlund et al. 1998 , Pagilla et al. 1997 . However, 19 experimental evidence that overloading or shock loading results in foaming is lacking and 20 identification of a critical loading rate for foam initiation in conventional AD is unknown. Loughborough, UK) and gas was collected in glass collection columns (length: 110 cm, 8 diameter: 5 cm) by displacement of water containing hydrochloric acid (pH <4). Magnetic 9 stirrers (Patterson Scientific Ltd, Luton, UK) were placed underneath the water baths to 10 keep the sludge in suspension. 11
Three organic loading rates (OLR), 1.25, 2.5 and 5 kg VS m -3 , plus a control containing 12
only digested seed sludge were tested in triplicate during 10 day batch anaerobic digestion. 13
Each batch experiment was repeated three times (Experiments 1, 2 and 3) to demonstrate 14 reproducibility of the results obtained. The loading rates selected were based on the full 15 scale digester loading rates and from information on recommended OLR found in the 16 literature for conventional, mesophilic, anaerobic digesters, ranging from 0.5 to 7.2 kg VS 17 Wastewater Practice 1996 , Water Pollution Control Federation 18 1996 , Brown 2002 , Gerardi 2003 , Harrison et al. 2004 , Bolzonella et al. 2005 , Braguglia et 19 al. 2007 , Zupan i et al. 2008 , Cartmell and Chinaglia 2009 . The proportion of feed to 20 digested sludge varied for each batch experiment as it was based on the volatile solids 21 content of the feed sludge in order to achieve the required loading. The height of foam inthe bottles was measured daily and foam was subsequently destroyed daily by stirring. On 1 Day 3 of batch digestion, one digestion bottle per loading rate was removed from the water 2 bath for sludge and foam analyses. On Day 10, the digestion was stopped, when gas 3 production was < 30 cm 3 d -1 and similarly sludge and foam samples were collected for 4 analysis from the remaining bottles. 5 2.3 Foaming test apparatus and methodology completed on the full scale digester 6 samples 7
The foaming tests were carried out on 1 L feed and digested sludge and sludge-centrate 8 samples, collected from the full scale STWs as described in section 2.1. Sludge -centrate 9 samples were obtained by centrifuging either the feed (feed-centrate) or digested sludge 10 (digested-centrate) samples at 2000 g for 15 minutes and subsequently collecting the 11 supernatant. The foaming potential was determined by measuring the foam height after 12 aeration at 0.5 L minute -1 for 10 minutes (NG et al. 1977 , Morey et al. 1999 Maidstone, UK) and were analyzed for alkalinity by titration of 0.02 M hydrochloric acid. 6
Total volatile fatty acids (tVFAs), including acetic, propionic, n-and iso-butyric, n-and 7 iso-valeric acid, were determined in sludge samples acidified with concentrated sulphuric 8 acid to stop microbial activity and stored at −20 o C until analysis. Filtration through 0.45 9 m glass-fiber filter papers was carried out prior to analysis by high performance liquid 10 chromatography (HPLC) (Shimadzu VP Series, Shimadzu, UK) using a Bio-Rad 11 fermentation column (Bio-Rad, Hercules, CA, USA) for separation of VFAs. The column 12 temperature was set at 65 o C and 1 mM sulphuric acid was used as mobile phase at 0.8 ml 13 minute -1 flow. Volatile fatty acid detection was performed by a UV detector at 208 nm 14 (Galanos et al. 1995 , Sanford et al. 2002 , Parawira et al. 2004 . Soluble COD (SCOD) was 15 determined in samples after centrifugation at 2000 g for 15 minutes and filtration by a COD 16 kit (VWR, Lutterworth, UK). The absorbance was measured by a Spectroquant Nova 60 17 Spectrophotometer (VWR, Lutterworth, UK). Dissolved organic carbon (DOC) was 18 determined with a Shimadzu TOC -5000A analyzer in samples after centrifugation and 19 filtration as described previously. Filamentous bacteria were identified according to 20 Eikelboom (2000) . Gram stains (HD Supplies, Aylesbury, UK) with safranin as the counter 21 stain and Neisser stains (Fisher Scientific, UK) were used for staining of filaments insludge. Light microscopy (BHB, Olympus) was then used to identify the species according 1 to a scale from 1 to 5, 1 being the lowest and 5 being the highest, was used to describe the 2 abundance. Analysis of foam samples was carried out based on the methods as described 3 above. 4
Statistical methods 5
Descriptive statistics were carried out for all data involving the calculation of mean values, 6 standard deviations and standard errors. Further statistical analysis of the data involved 7 examination of the normality of the data and subsequently one-way analysis of variance 8 (ANOVA) using Statistica. 9 10 3 Results and Discussion Additional information on gas and methane production, solids reduction, tVFAs and 1 alkalinity for the three experiments showed that the digestion process was not inhibited at 2
any of the loading rates tested. The highest cumulative gas production was recorded from 3 the 5 kg VS m -3 loading (1445 -1959 mL biogas) with cumulative gas production from the 4 1.25 and 2.5 kg VS m -3 loading at 91 -495 mL and 402 -996 mL biogas, compared to a 5 range of 131 -399 mL in the control. The 5 kg VS m -3 loading consistently produced a 6 higher methane content (52 -67 %) than the 1.25 (35 % -56 %) and 2.5 kg VS m -3 (38 -7 58 %) treatments during all three experiments. The tVFAs in digested sludge at the end of 8 batch digestion did not exceed 28 mg L -1 in any of the treatments. Alkalinity values from 9 all three loadings ranged from 2950 to 3325 mg L -1 . There was a statistically significant 10 difference for both SCOD and DOC values (SCOD P=0.004, DOC P=0.002, a=95 %) in 11 digested sludge at the end of batch digestion (Day 10) with values in sludge from the 5 kg 12 VS m -3 loading significantly higher than those from the 1.25 kg VS m -3 loading. Yet, the 13 same was not observed between the 1.25 and 2.5 kg VS m -3 loading. The TS content in the 14 foam samples (5.7 -7.5 %) ( Table 1) Feed sludge samples and feed-centrate samples showed a variable foaming propensity 10 during the monitoring period ( Five filament species were found in the full scale digester, including N.limicola I and III,of 3. In detail, the species 0041 and 0581 had the highest abundance during the monitoring 1 period with FI between 1-3 and 1-2.5, respectively. Microthrix abundance did not exceed a 2 FI of 1.5 during the monitoring period. Before the foaming event was recorded at full scale, 3 the abundance of 0041 species increased from 2 to 3 on the filament index scale (26.03.08). 4
Yet, digested sludge contained only one other species, N.limicola III, at low abundance 5 (FI<1) just before the foaming event. 6
Organic loading as a foaming cause 7
This work attempted to identify a critical organic loading threshold for foam initiation and 8 stabilization during conventional mesophilic AD. It is appreciated that each digester could 9 in practice operate with its own critical threshold (Dalmau et al. 2010 ). However, the bench 10 scale batch anaerobic digestion experiments on sludge obtained from a non-foaming full 11 scale digester identified the 2.5 kg VS m bench scale findings that foaming may be initiated at loading rates 2.5 kg VS m -3 . In 20 addition, these findings indicated that typical monitoring of AD involving gas and methane 21 production, solids reduction and tVFAs is not adequate to identify differences between
Foams as 3-phase systems 1
To understand the key components of foam and the mechanisms of foam generation in AD, 2 the theory of Davenport and Curtis (2002) , examining foam as a 3-phase system with gas-3 liquid-solid interactions, has been taken into consideration. 4 3.4.1 Gas phase 5
The gas phase is always present in AD in the form of biogas production with digester gas 6 mixing systems having an increased gas content. Gas production alone could not have 7 resulted in foaming as the presence of surface active agents is necessary for foam initiation 8 (Vardar-Sukan 1998 , Glaser et al. 2007 ). However, the higher gas production of the 5 kg 9 VS m -3 loading compared to the 2.5 kg VS m -3 loading could have contributed to foaming 10 as increased gas rates can increase foam formation as demonstrated by Varley et al. (2004) . 11 12 
Liquid phase 13
Research has shown that the onset of foaming in liquids is due to the presence of 14 surfactants and biosurfactants, abundant in wastewater and sludge. They have both 15 hydrophobic and hydrophilic properties and tend to accumulate at air -liquid interfaces 16 increasing surface activity. When gas is introduced into solution, a thin liquid film is 17 formed around the gas bubbles as they reach the air -liquid interface preventing them from 18 bursting (Hug 2006 , Ganidi 2009 ). The foaming propensity tests carried out in feed and 19 digested sludge and their centrate samples collected from the full scale digester showed that 20 surfactants were consistently present in all samples examined with digested -centrate 21 demonstrating the highest foaming propensity. The latter did not seem to be affected by thefeed and feed-centrate foaming propensity according to the experimental findings ( Table 3 ) 1 indicating that the surfactants in the digested-centrate responsible for foaming under 2 aeration were produced during anaerobic digestion. Additionally, the liquid phase of the 3 full scale digester contained significant amounts of surfactants during the monitoring 4
period, yet, the foaming potential was decreased in the presence of solids as foaming 5 propensity of the digested sludge samples was considerably lower than that of the centrates 6 in all cases (average foaming propensity of digested sludge: 0.4 mm g -1 TS, average 7 foaming propensity of centrate: 31.7 mm g -1 TS), potentially due to interactions between 8 solid particles and the surfactants. The literature suggests that in complex surfactant 9 systems, such as sludge, which contain a number of surfactants, the foaming potential could 10 be enhanced or reduced depending on the surfactant -surfactant and particle -surfactant 11 interactions (Glaser et al. 2007 , Eisner et al. 2007 ). Additionally, increases in temperature 12 in liquids containing surfactants result in increased surface activity (lower surface tension) 13 and enhanced foaming potential (Barber 2005) . Therefore, the behavior of the surfactants in 14 the full scale digester and their impact on foam initiation is dependent on the effect of 15 mesophilic temperatures and surfactant -surfactant, particle -surfactant interactions. In 16 order to gain a better understanding of foam creation and stabilization, the liquid phase of 17 foams generated at bench scale was analyzed for DOC and tVFAs Recent studies have shown that wastewater foam stabilization is mainly due to the 5 filamentous Gordonia and M.parvicella but there is evidence suggesting that non 6 filamentous mycolic-acid containing microorganisms, of which specific species have not 7 yet been identified, also act as stabilizing agents (Hug 2006 , Heard et al. 2008 . 
